Since 2020, the International Maritime Organization (IMO) has tightened regulations on the emissions of sulfur oxides from ships from less than 3.5% to less than 0.5%. As a countermeasure, shipping companies can adopt one of three potential solutions: using low sulfur fuel (LSFO), installing scrubbers, or using liquefied natural gas (LNG) fuel. However, considering the environmental aspects such as the UN greenhouse gas (GHG) emission reduction program and the reduction of fine dust generation in port areas, LNG fuel is ultimately considered to be the most ideal method in the marine industry. In line with this international trend, major port authorities are considering building LNG bunkering stations, but the proper methods and criteria for estimating the size of LNG bunkering infrastructure are not clear. This study proposes a method of estimating the size of LNG infrastructure required with consideration for the operational status of ports according to the estimated amount of bunkering demand at a future time with the case study of Busan Port in Korea. In order to estimate the detailed demand amount by inbound vessels, a simulation modeling technique is applied as a tool of research.
Introduction
The International Maritime Organization (IMO) has decided to limit the emission standards for sulfur oxides in navigational fuel oil to a limit of 0.50% from January 1, 2020 [1] . As a countermeasure against these regulations, international shipping companies can adopt one of three measures such as the use of LSFO (Low Sulfur Fuel Oil), the installation of scrubbers, or the use of liquefied natural gas (LNG) fuel [2] . In addition to IMO regulations, the Intergovernmental Panel on Climate Change (IPCC) emphasizes the need to use LNG fuels to reduce global GHG emissions [3, 4] . In the shipping industry, ultimately, the use of LNG fuels is considered the most ideal [3] . In response to this international response trend, major port authorities are considering building LNG bunkering stations, but the proper methods and criteria for estimating the size of LNG bunkering infrastructure are not clear. Recently, the International Association of Ports and Harbors (IAPH) has developed three bunkering schemes: Ship-to-Ship (STS), Truck to Ship (TTS), and Shore-to-Ship [5] . In addition, the International Association of Ports and Harbors (IAPH) provides advantages and disadvantages [5] , safety [6] , and operational checklists [7] for the three LNG bunkering schemes. In the schemes, there is no mention of how to calculate the quantity of LNG storage tanks, LNG bunkering stations, LNG tank lorries (LNGTLs), jetty berths, or LNG bunkering vessels (LNGBVs).
In Korea, the Ministry of Maritime Affairs and Fisheries selected Busan Port, Incheon Port, Gwangyang Port, Ulsan Port, and Pyeongtaek Port as the ports for constructing LNG bunkering terminals [8] . This study was conducted on the Busan Port as a case study, which has the largest number of inbound and outbound vessels among the five ports selected. Among candidate sites in berths, LNG storage tanks, LNG bunkering stations, and transportation facilities like LNGTLs and LNGBVs. In this study, we considered only two LNG bunkering systems, STS (Ship-to-Ship) and TTS (Truck-to-Ship) [9] . The reason for choosing the two methods of STS and TTS is that shipping companies consider that these two are proper ways to reduce travel time and waiting time for bunkering. In addition, STS and TTS are the most commonly used bunkering types, which enables bunkering during the unloading operation of the ship, no need to move to another place for bunkering, and no separate construction is required in the harbor for bunkering.
On the other hand, the PTS bunkering method requires piping work to install the LNG pipeline in the port, and the installed LNG pipe is likely to be exposed to the port unloading process and cause an accident. So, PTS is not considered in the study because the terminal operators claim to be excluded due to operational risk and technical safety issues [9] .
This study was carried out through the four steps of precedent study and modeling, port analysis, simulation modeling, and finally, LNG facility estimation in order to suggest a procedure for building bunkering stations as shown in Figure 1 .
In the 1st step, the precedent studies and framework is suggested for calculating the number of facility literature review is dealt with LNG bunkering demand, LNG storage capacity, LNG storage density, LNG carrier (LNGC), LNGTL, LNGBV, STS / TTS bunker type classification standard, and fuel of LNG fueled vessel (LNGFV) consumption are carried out.
In the 2nd step, annual average gross tonnage (GT), the number of calling ships, daily peak ratio, TTS / STS transit time, TTS / STS bunkering time, the sailing distance by region, and fuel consumption by ship type are estimated for 2025 and 2030 respectively.
In the 3rd step, simulation model development, model verification, and suggestion of the simulation results are carried out.
In the 4th step, the annual number of LNGCs and arrival intervals, daily STS / TTS requirements, LNG storage tank requirements, berth requirements of LNGCs, TTS tanker and charger requirements, STS LNGBV requirements, STS jetty loading arm and mooring facilities and the total LNG facility requirements were calculated. In the 1st step, the precedent studies and framework is suggested for calculating the number of facility literature review is dealt with LNG bunkering demand, LNG storage capacity, LNG storage density, LNG carrier (LNGC), LNGTL, LNGBV, STS/TTS bunker type classification standard, and fuel of LNG fueled vessel (LNGFV) consumption are carried out.
In the 2nd step, annual average gross tonnage (GT), the number of calling ships, daily peak ratio, TTS/STS transit time, TTS/STS bunkering time, the sailing distance by region, and fuel consumption by ship type are estimated for 2025 and 2030 respectively.
In the 4th step, the annual number of LNGCs and arrival intervals, daily STS/TTS requirements, LNG storage tank requirements, berth requirements of LNGCs, TTS tanker and charger requirements, STS LNGBV requirements, STS jetty loading arm and mooring facilities and the total LNG facility requirements were calculated.
Precedent Studies

LNG Bunkering Type
Lowell, Wang, and Lutsey (2013) proposed three pathways for LNG facilities for bunkering when importing LNG. Pathway 1 is the type of bunkering at the port of entry using a large centralized facility. Pathway 2 is the type of bunkering using a remote storage tank. Pathway 3 is the type of bunkering without the remote storage tank [10] .
IMO presents three options for the way in which LNGFVs receive LNG fuel: STS, TTS, bunkering via pipeline (PTS), and it introduces bunkering methods suitable for LNG tank size and vessel type [2] .
IAPH has also proposed the three bunkering methods of STS, TTS, and PTS as well as safety guidelines and checklists for LNG bunkering facilities [5].
LNG Bunkering Demand
As shown in Table 1 , the Yokohama Port LNG Bunkering Steering Committee estimated that the conversion rate from Bunker C oil to LNG would be from 5% to 27%, the conversion rate of Lloyd's Register would be 11%, the conversion rate of DNV-GL (Det Norske Veritas-Germanischer Lloyd) would be 6% to 11%, and the conversion rate of IHS (Information Handling Services) would be 8% [11] . Lloyd's Register (2012) forecasted global demand for LNG bunkering by ship type, based on emission control scenarios, vessel fuel prices, and newbuilding demand for LNGCs [12] . DNV-GL (2013) predicted the demand for LNG bunkering in Busan Port based on the annual LNG demand through analysis of vessel size and vessel type in Busan Port [13] . Hak-so Kim and Kwang-ho Choi conducted a panel analysis on the oil bunkering and processed cargo volume of each region from 2000 to 2014. The panel analysis was used to estimate the relationship between cargo volume and oil bunkering. The demand for LNG bunkering is predicted to be 3.7 million tons in 2030, and 11.3 million tons in 2040 based on Busan Port estimations [14] .
Ministry of Ocean and Fishery (MOF) of Korea anticipates that the demand for LNG bunkering will be 380,000 tons in 2025 and 2,005,000 tons in 2030 based on the Busan Port as shown in Table 2 [9] , and the average conversion ratio of Bunker C to LNG fuel will be 27.13% in 2025 and 51.65% in 2030 as shown in Table 3 [9] . 
Year 2025 2030
Forecasting(tons) 380,000 2,005,000 
LNG Bunkering Facilities for Estimation
The study of LNG bunkering terminals in Busan Port dealt with statistical analysis of visiting ships, estimation of required LNG consumption, based on the analysis, the number of LNG fuel propulsion ships and LNG bunkering shuttles, LNG demand, capacity and hull structure types of bunkering terminals, etc. were presented [15] . The facilities for LNG bunkering are estimated by the bunkering method using STS and TTS. The required facilities are as follows: the first is the number of LNGCs required to import LNG from outside the port, the second is the number of LNG storage tanks required to store the imported LNG, the third is the berthing facility for LNGBV for STS bunkering, and the fourth is the number of LNGTLs and LNG bunkering stations for the TTS bunkering. In particular, the cost of constructing an onshore LNG storage tank costs between USD 200 million and USD 2000 million (USD) per storage tank, so the construction of floating offshore LNG bunkering terminals (FLBTs) may be considered to reduce construction costs. [16] .
LNG Emission, Technology, Operations, and Fuel Gas Supply Systems
As the number of LNG fuel vessels and the number of LNG bunker vessels have increased, the main issue of LNGBV is how boil-of-gas (BOG) reduce [17] . Considering the inherent harmful characteristics of LNG fuel, the risks of operating LNG fuel vessels are high, so an analysis of the intrinsic relationship between risk factors has been made [18] . Reducing the volume of the FGSS (Fuel Gas Supply Systems), CO2 was considered to serve as the replacement heat medium for conventionally used glycol water during LNG gasification [19] .
Assumptions for Estimating
Assumptions for Estimating LNG Bunkering
The LNG bunkering facility depends on the operating conditions and environment of the port where the LNG bunkering facility is to be constructed. Considering the different conditions, the assumptions are applied and displayed in Table 4 . The main estimates applied in Table 4 are shown in Equations (1)-(6).
Formulas for Estimating LNG Bunkering Facility
Peak ratio (R p ) is applied for Equation (7) in order to cope with cases where large vessels or many vessels enter the port on a certain day based on the average gross tonnage of all vessels. The upper 20 days (AGT 20 ) means the highest 20 days among the average gross tonnage of vessels on entry per year, which can be adjusted as needed. AGT d is the daily average gross tonnage of ships entering the port for a year.
Equations (8) and (9) are applied to estimate the charging time (T tl_charging ) and the bunkering time (T tl_bunkering ) in the TTS bunkering system.
T tl_bunkering = W tl C tl_fv (9) Equations (10) and (11) are applied to estimate the loading time (T bv_loading ) and the bunkering time (T bv_bunkering ) in the STS bunkering system.
Equation (12) is applied to calculate LNG consumption (F total ) according to the sailing area by ship type and ship size. D n is the sailing distance of the ship, S n is the average speed of the ship, and F n is the daily fuel consumption per ship size by ship type.
Equations (13) and (14) are applied to calculate the number of LNG carriers (N LNGC ) and ship arrival interval (T LNGC_interval ).
T LNGC_interval [days] = 365 days N LNGC
The peak rate of Equation (7) was applied to Equation (15) to calculate the maximum daily LNG requirement (F max_day ). F ave_day means average LNG fuel requirements per day. F max_day [ton] = F ave_day (ton) × R p (15) Equations (16)- (18) are applied in order to estimate the number of LNG storage tanks (N st ), reflecting the warranty period of inventory (T warranty ). N st is the number of pure LNG storage tanks. 
Equations ( 
Equations (25)-(29) are applied to estimate the amount of LNGBVs (N bv_required ) required for STS bunkering. The average number of supplies per LNGBV (N bv_ave_supply ) is calculated by dividing the number of STS supply requirements (N supply_required ) by the quantity of LNGBVs (N bv_supply ) as shown in Equation (25) . The total travel time per LNGBV (T bv_total_moving ) at sea is calculated by multiplying the average number of supply per LNGBV (N bv_ave_supply ) at sea and the sum of average travel time (T bv_moving ) and average berthing time (T bv_berthing ) per LNGBV as shown in Equation (26) .
The total time (T bv_total_reqiured ) spent by one LNGBV for bunkering is calculated by summing up the loading time (T bv_loading ), travel time (T bv_moving ), The return time (T bv_return ) as shown in Equation (27) .
The number of operation (n bv_day ) of LNGBV per day is calculated by dividing the daily operating time (T bv_day_operation ) of LNGBV by the total required time (T bv_total_required ) of LNGBV as shown in Equation (28) .
The required number of LNGBVs (N bv_required ) is calculated by dividing the number of bunkering requirements per day(N bv_ave_supply ) by the number of revolutions per LNGBV (n bv_day ) as shown in Equation (29) .
T bv_total_reqiured = T bv_loading + T bv_moving + T bv_around_moving + T bv_return (27) n bv_day [count] = T bv_day_operation (hour)
N bv_required [unit] = N bv_ave_supply n bv_day (29) Equation (30) and (31) is applied to estimate the amount of STS Jetty Loading Arm (N arm_required ) required for bunkering. The daily operation number (n arm_day_operation ) of the jetty loading arm is calculated by dividing the daily operation time (T arm_day_operation ) of one loading arm by the loading time (T bv_loading ) of one LNGBV as shown in Equation (30) .
The requirement of jetty loading arm (N arm_required ) is calculated by dividing the requirement of LNGBVs (N bv_required ) by the daily operation number of jetty loading arm (n arm_day_operation ).
The important point here is to calculate the number of bunkering required per day (N tl_day ) of tank lorry (LNGTLs) in Equation (22) and daily bunkering requirement(N supply_required ) in Equation (25) . However, it is not easy to estimate them exactly. For this reason, in this paper, the simulation technique is applied to predict the number of bunkering supply and bunkering requirements according to the ship type, ship size, and navigation area of the ports.
Estimation of Fuel Consumption by Region and Ship Type
The daily LNG consumption of the LNGFVs was derived by applying MAN B&W's LNG fuel-use engine (Model: S90ME-C9-GI) [23] and Lloyd's Register LNG tank fuel calculator [24] .
The average speed of sailing by ship type was applied as follows: container ships are 22 knots, bulk carrier and general cargo ship are 15 knots, tankers are 16 knots, and cruise ships are 22 knots. Total power, maximum continuous rating (MCR), LNG density, and ship average speed were considered to estimate fuel consumption. The fuel consumption calculation section was applied to 7 sections as follows: 5,178 kWh/9,988 kWh/14,500 kWh/25,000 kWh/47,500 kWh/53,500 kWh/65,000 kWh (see Table 5 ).
The analysis subjects were classified into four types of vessels which are classified as container ships, bulker and general cargo ships, tankers, and cruise ships. After estimating fuel consumption, the consumption of LNGFV by GT or Twenty-foot Equivalent Units (TEU) basis was derived by regression analysis. The regression analysis performed in this study was applied on the assumption that 500TEU-8000TEU is valid for container ships and 6500GT-190,000GT is valid for bulk carriers, general cargo ships, tankers, and cruise ships. Based on these assumptions, Equations (32)-(35) were derived.
The results of the regression analysis for capacity (TEU) and daily fuel consumption of container line (F container ) are shown in Equation (32) and Figure 2 .
The result is valid under the range of 500TEU ∼ 18, 000TEU The results of the regression analysis for capacity (TEU) and daily fuel consumption of container line (F ) are shown in Equation 32 and Figure 2 .
The result is valid under the range of 500TEU ~ 18,000TEU (32) The regression results for the total tonnage and daily fuel consumption of the bulk carriers and general cargo ships (F gerneral_cargo ) are present in Equation (33) and Figure 3 .
The result is valid under the range of 6500GT ∼ 190, 000GT
The regression results for the total tonnage and daily fuel consumption of the bulk carriers and general cargo ships (F The result is valid under the range of 6500GT ~ 190,000GT The regression results for the gross tonnage of the cruise ship and the daily fuel consumption (F cruise ) are displayed in Equation (35) and Figure 5 .
The regression results for the gross tonnage of the cruise ship and the daily fuel consumption (F ) are displayed in Equation 35 and Figure 5 . 
Case Study: LNG Bunkering Environment of Busan Port
Analysis of Vessels Entering the Port of Busan
The PORT-MIS data of the Port of Busan was used for the analysis of 27,310 vessels for 1 year from January 1, 2018, to December 31, 2018 [25] . In the PORT-MIS, 5 types of vessels (bulkers, tankers, containers, general cargo ships, and cruisers) were analyzed. 
Case Study: LNG Bunkering Environment of Busan Port
Analysis of Vessels Entering the Port of Busan
The PORT-MIS data of the Port of Busan was used for the analysis of 27,310 vessels for 1 year from January 1, 2018, to December 31, 2018 [25] . In the PORT-MIS, 5 types of vessels (bulkers, tankers, containers, general cargo ships, and cruisers) were analyzed.
As a result of analysis, bulkers made up 947 of the ships (3.47%), 1245 (4.56%) were tankers, 15,277 (55.94%) were containers, 5849 (21.42%) were general cargo ships, 3838 (14.05%) were cruisers, various others not falling into the above classifications consisted of 190 ships (0.56%) as shown in Table 6 . As of 2018, the number of vessels entering Busan Port has increased steadily from 27,400 to 27,800 over the past 17 years. The gross tonnage (GT) of vessels entering the port has steadily increased from 10,000 GT in 2002 to 24,000 GT in 2018.
Estimation of the average gross tonnage (AGT) using the estimation formula (36) shows a predicted 30,648 GT in 2025 and 35,313 GT in 2030 as shown in Figure 6 and Table 7 . It is estimated that the ship numbers will increase to 27,739 vessels in 2025 and 27,812 vessels in 2030 as shown in Figure 7 and Table 7 . The regression equation between years and an average gross tonnage of calling ships is shown in Equation (36) . AGT = (933.11 × Year) − 1858900 (36) predicted 30,648 GT in 2025 and 35,313 GT in 2030 as shown in Figure 6 and Table 7 . It is estimated that the ship numbers will increase to 27,739 vessels in 2025 and 27,812 vessels in 2030 as shown in Figure 7 and In estimating the LNG bunkering facility, the peak ratio of LNG fuels is to be considered for 
In estimating the LNG bunkering facility, the peak ratio of LNG fuels is to be considered for large vessels at peak times. As of 2018, Busan Port has 27,310 ships per year, with a total of 652,824,376 GT of inbound vessels, with an average of 75 vessels arriving daily, and with a gross tonnage of 1,792,034 tons (a) (see Table 8 ). Considering the upper 20 days with the largest gross tonnage of vessels during the year, the average of 86 vessels per day, arrived and the total GT of vessels per day is 2,468,302 tons (b). The peak ratio is calculated by dividing the gross tonnage (b) of the upper 20 days by the daily average gross tonnage (a) as in Equation (7).
Analysis of Transit Time, Charging Time and Bunkering Time
Busan Port consists of Busan New Port, Busan North Port, and Gamcheon Port as shown in Figure 8 . Among them, the Busan New Port accounts for 70% of the volume, so the LNG bunkering station is assumed to be located in the new port of Busan Port. It is necessary to measure the transit time to North Port and Gamcheon Port according to the STS and TTS bunkering type based this assumption [26, 27] . station is assumed to be located in the new port of Busan Port. It is necessary to measure the transit time to North Port and Gamcheon Port according to the STS and TTS bunkering type based this assumption [26, 27] . Assuming that an average speed of truck (TTS) is 40 km/h, the distance within Busan New Port from the bunkering station in Busan New Port is about 5 km (7.5 min), about 23 km (34.5 min) to the Gamcheon Port central pier, and about 35 km (52.5 min) to Sinsundae Pier as presented in Table 9 . Assuming that an average speed of truck (TTS) is 40 km/h, the distance within Busan New Port from the bunkering station in Busan New Port is about 5 km (7.5 min), about 23 km (34.5 min) to the Gamcheon Port central pier, and about 35 km (52.5 min) to Sinsundae Pier as presented in Table 9 . Assuming that an average speed of LNGBV (STS) is 8-14knots according to Navigation Rule of Busan Port [29] , the distance to Gamcheon Port anchorage point from the bunkering station in Busan New Port is about 32 km (74.1 min), and the distance to the front of Sinsundae Pier is 44 km (101.8 min) as shown in Table 10 . According to TIMELINE [30] , the time required for charging in the LNG bunkering station and the time required for bunkering LNGFVs was analyzed for each bunker type of TTS and STS. In the case of TTS with the tank capacity of 14 tons, it takes 1.1 h for a one-time charging and 1.1 h for bunkering, therefore a total of 2.20 h as shown in Table 11 . The charging time of 56 min was calculated by dividing the tank capacity (14 tons) by the filling capacity (0.25 tons/min) as shown in Equation (8) . The bunkering time of 56 min was calculated by dividing tank storage capacity (14 tons) by the bunkering capacity (0.25 tons/min) as shown in Equation (9).
For an STS type with LNGBV loading capacity of 5000 m 3 , it takes a total of 15.78 h of which 6.7 h are required for a one-time loading and 9.08 h for one-time bunkering as displayed in Table 12. Here, the loading time of 282 min is derived by dividing the pure capacity (2,162 tons) of LNGBV by the loading capacity (460 tons/hour) as shown in Equation (10), and the bunkering time of 470 min is calculated as the pure capacity (2162 tons) was divided by the bunkering capacity (276 tons/hour) as shown in Equation (11). 
Estimation of Sailing Distance by Area and by Ship Type
In order to estimate the LNG demand per vessel entering the port in Busan, we calculated the representative sailing distance by region and divided the distance by the average speed by vessel type to derive the sailing days as shown in Tables 13 and 14 [31] and Appendix A Table A1 . LNG fuel consumption by ship size from Busan Port to Osaka. Shanghai, Singapore, Mumbai, Doha and Rotterdam, Cape Town, Los Angelos, San Padito, San Antonio, Sydney and Seria are shown in Appendix A Table A2 . 
Case Study: Simulation Modeling and Results
Statistical Analysis of Vessel Arrival
Arrival distribution was created by analyzing the arrival time intervals of 27,310 vessels entering Busan Port in 2018 as shown in Table 15 . The simulation was performed using Rockwell Automation's Arena simulation software in the USA. 
Simulation Model Development
In order to develop the simulation model, six input variables and 21 output variables are defined as shown in Table 16 . Table 7 Conversion Ratio to LNGFVs Conversion rate to LNG fueled vessels Table 3 Output Variables Tables 13 and 14 Gross Tonnage Percentage of 12 Navigation zones Ship Average Speed (knots) Average Speeds by 5 Ship Types Table 5 Representative Port of Voyage Area - Tables 13 and 14 LNG Consumption per Day (ton) -Equations (32)- (35) One-way Voyage Distance (km) - Tables 13 and 14 One-way Sailing Day (day) - Tables 13 and 14 One-way LNG Consumption (ton) --Round-trip sailing distance (km) - Tables 13 and 14 Round-trip sailing day (day) - Tables 13 and 14 Round-trip LNG consumption (ton) --Whether to use LNG Fuel - Table 3 Bunkering Using the simulation model [32, 33] and Table 14 , simulation modeling as shown in Figure 9 was carried out in 13 steps. Based on the generated Excel file, the analysis process included up to an additional three steps. The steps are summarized as follows:
The 1st step is to apply the "Arrival Formula" value of "-0.001 + EXPO (19.1)" in Table 14 to generate the ship arrival.
The 2nd step is to set the number of arrivals and arrival times of the arriving vessel. The 3rd step is to classify the vessels entering the ship by applying the ship entry rate according to 16 ship type classifications by MOF.
The 4th step is to set the type of vessel to be statistically classified. The 5th step is to classify the vessels entering Busan port according to 12 navigation area classifications by MOF.
The 6th step is to set the designated voyage area and the representative port. The 7th step is to estimate the one-way and round-trip distance from the Busan Port to the representative port of each navigational area.
The 8th step is to set the gross tonnage according to the 16 different vessel types and the 12 regions. The 9th step is to reclassify the 16 ship types into 5 ship types. The reason for the reclassification is to apply the daily LNG fuel use formula according to these 5 broader categories of ships.
The 10th step is to determine whether the vessel will use LNG fuel according to the ratio of conversion of LNGFVs.
The 11th step is to apply the gross tonnage increase rate as shown in Table 7 . The 12th step is to record the simulation values from Step 2 to Step 11 into an Excel file. The 13th step is the final stage of the simulation.
Number of LNGTLs
Using the simulation model [32, 33] and Table 14 , simulation modeling as shown in Figure 9 was carried out in 13 steps. Based on the generated Excel file, the analysis process included up to an additional three steps. The steps are summarized as follows:
The 8th step is to set the gross tonnage according to the 16 different vessel types and the 12 regions.
The 9th step is to reclassify the 16 ship types into 5 ship types. The reason for the reclassification is to apply the daily LNG fuel use formula according to these 5 broader categories of ships.
The 11th step is to apply the gross tonnage increase rate as shown in Table 7 . The 12th step is to record the simulation values from Step 2 to Step 11 into an Excel file. The 13th step is the final stage of the simulation. After the simulation, additional analysis of steps 14-16 are performed. The 14th step is to calculate daily LNG fuel consumption (y) for each type of ship by applying the gross tonnage as the input value (x) to the LNG fuel consumption estimation equation (Table 12 ). In this case, TEU is used After the simulation, additional analysis of steps 14-16 are performed. The 14th step is to calculate daily LNG fuel consumption (y) for each type of ship by applying the gross tonnage as the input value (x) to the LNG fuel consumption estimation equation (Table 12 ). In this case, TEU is used as the input value for the container line, not gross tonnage, and the relationship between gross tonnage and TEU is applied to Equation (38) of Marine Traffic [34] . TEU = (0.0956 × GT) − 351.11 (38) In step 15, the sailing days are calculated by applying the average speed of each vessel in Table 13 to the one-way or round-trip distance of each sailing area. Therefore, multiplying LNG fuel consumption per ship type by one-way or round-trip sailing days will allow LNG fuel consumption for each vessel to be calculated according to the sailing area.
In the 16th stage, the TTS bunkering method is applied when the amount of LNG fuel is less than 100 tons, and the STS bunkering method is applied when the amount is 100 tons or more. As a result, the number of supply, the number of LNGBVs and number of LNGTLs were calculated for 2025 and 2030.
Simulation Execution Results
As a result of simulations based on 2025 and 2030, the number of supply and the number of LNGBVs for STS bunkering were analyzed and are presented in Table 17 . For each bunkering type, the TTS bunkering type is adopted when the LNG consumption is less than 100 tons, and the STS bunkering type is adopted when the amount is 100 tons or more. The LNG fuel consumption is calculated as shown in Equation (12). Table 16 shows the simulation results of the statistical analysis of 27,310 vessels entering the Port of Busan in 2018. The main input parameters of the simulation are arrival distribution, 5 types of ships which convert 16 Ship types to 5 as explained previously, 12 voyage areas, and gross tonnage distribution of vessels.
Year
Count of Arrival Ships
LNG Fuel Requirements (ton)
STS TTS
Number of Supply
Number of LNGBVs
Number of Supply
Number of LNGTLs
Verification of Simulation Modeling Results
The accuracy rate between the estimated number of arriving ships (a) and the simulated arrival number (b) is 99.33%, and the variation is within 0.67%. Also, the accuracy of the predicted average gross tonnage (c) and the average gross tonnage (d) in the simulation is 100.25%, and the deviation is within 0.25% as shown in Table 18 .
Comparing the predicted value (a) of the LNG fuel consumption with the simulation results (b), the agreement rate is almost the same as 100.02% -100.32% as shown in Table 19 . Estimates of future LNG fuel usage based on the proven simulation model are estimated at 380,884 tons in 2025 and 2,005,683 tons in 2030. 
Case Study: Estimation of LNG Bunkering Facilities Using Simulation Results
Results of Detailed Items
The number of LNGCs (N LNGC ) and the interval between ship arrivals (T LNGC_interval ) are calculated to be 4.67 and 78.20 days in 2025, and 24.58 and 14.85 days in 2030 as presented in Appendix A Table A5 and in Equation (13) .
The number of supply, number of LNGBVs, daily supply and average supply tonnage per one-time were analyzed using STS and TTS by applying the peak ratio as shown in Equation (7) and in Appendix A Table A6 .
The inventory period of LNG was based on the Korean government's recommendation of 30 days of daily average sales volume [35] (see Appendix A Table A7 ). The required LNG storage tanks (N st ) were calculated by applying the equations (16) , (17) , and (18) to the LNG storage tank space of 270,000 m 3 (116,640 tons). In the result, 1 storage tank is needed in 2025 and 2 storage tanks are required in 2030.
The number of berths of LNGCs was estimated by applying Equation (19) and Equation (20) based on the LNGC's capacity of 170,000 m 3 and cargo handling capacity 14,130 m 3 per hour. Therefore, one berth is required as shown in Appendix A Table A8 .
It takes about 3.25 h to complete bunkering for one TTS at Busan New Port. Thus, it is estimated to operate three times a day under the assumption that it can operate 10 h a day (8:00 a.m.-6:00 p.m.) as shown in Appendix A Table A9 .
The requirement of the charger for TTS requires 2 units in 2025 and 6 units in 2030 under the assumption that it can operate 18 h a day (6:00 a.m. -12:00 p.m.). In addition, the required amount of the LNGTL parking facility is estimated to be 16 in 2025 and 80 in 2030 as shown in Appendix A Table A10 .
The turnover rates of the LNGBV and the jetty wall for STS were analyzed by applying Equations (25)-(28) as shown in Appendix A Table A11 . The number of revolutions per bunker shuttle (n bv_day ) is 1.31 times in 2025 and 1.21 times in 2030.
The number of operations per day (turnover rate) (n arm_day_operation ) of the jetty loading arm was calculated to be 3.58 by applying Equation (30) shown in Appendix A Table A12 .
According to the analysis results, it is expected that the requirement of the LNGBV (N bv_required ) should be 1 vessel in 2025 and 3 vessels in 2030 under the assumption that the vessel can operate 24 h a day as displayed in Appendix A Table A13 and in Equation (29) .
The jetty loading arm (N arm_required ) is estimated to be 1 in 2025 and also in 2030. The amount of the mooring facilities of the LNGBV is the same as that of the LNGBV shown in Appendix A Table A14 .
Main Facility Specification
The major onshore facilities for LNG bunkering consist of processes including the LNG Unloading System, LNG Storage System, Boil Off Gas (BOG) Processing System, LNG Weighing System, LNG Reloading System, Vapor Return System, and Flare System as shown in Appendix A Table A15 .
The LNG storage tank has a design density of 480 kg/m3, a tank diameter of 94.80 m, a height of 59.65 m, and a reloading pump capacity of 5000 m 3 /h as shown in Appendix A Table A16 .
The berth infrastructure for LNGCs were designed to allow the maximum size of LNGCs to berth and to be unloaded within 24 h with a loading capacity of 14,000 m 3 /h as shown in Appendix A Table A17 .
Summary of Results
In 2030, Busan Port will be equipped with 160,000 GT berth for LNGC, 3 LNG storage tanks (270,000 m 3 ), 27 LNGTLs for TTS, 3 LNGBVs for STS, and 1 jetty-type quay wall for 7400 GT ships (see Table 20 & Figure 10 ) 
Conclusions
IMO has decided to limit the sulfur oxides emission standards of navigation vessel fuels to 0.50% starting on the 1 st of January 2020. One of the countermeasures to reach full compliance is to use LNG as a fuel for shipping companies. Ports in each country are considering the construction of LNG bunkering terminals to provide smooth service to LNG carriers. Considering the enormous budget to build LNG bunkering ports and facilities, it is important to calculate the criteria and quantity for each facility constituting the LNG bunkering infrastructure. So far, only engineering related to port construction has been emphasized, but there have not been many studies about scientific models to discover proper facility requirements.
The purpose of this study is to determine how to estimate the LNG bunkering demand and to present the estimation procedure and the number and size of LNG bunkering facilities needed. After applying the simulation modeling technique with Arena software, LNG demand and bunkering scales are derived according to TTS or STS bunkering type based on 2025 and 2030. In particular, the research method applying the simulation modeling is useful for calculating the appropriate capacity in terms of port logistics by logically approaching complex harbors that are difficult to calculate mathematically due to various variables and scenarios occurring in such ports.
Here, the demand for LNG bunkering by each vessel can be changed according to various variables and conditions such as bunkering strategy of shipping companies operating the vessel, bunkering price by the port of entry, and conditions of the bunkering infrastructure.
It is impossible to precisely grasp and predict the variables and conditions that can anticipate all changes in the next 10 to 20 years. Despite acknowledging the limitations of this study, the approach and procedure for the analysis of the required amount of LNG bunkering infrastructure proposed in this study are of sufficient utility value for carrying out similar studies. The results in Table 20 are derived on the assumptions about demand in Table 2 , the assumptions about the conversion rate of LNG vessels in Table 3 , and the assumptions about the LNG density, the capacity of LNGC, LNGTL, LNGBV, LNG storage tank, STS/ TTS classification criteria, and fuel consumption of LNGFV in Table 4 .
IMO has decided to limit the sulfur oxides emission standards of navigation vessel fuels to 0.50% starting on the 1st of January 2020. One of the countermeasures to reach full compliance is to use LNG as a fuel for shipping companies. Ports in each country are considering the construction of LNG bunkering terminals to provide smooth service to LNG carriers. Considering the enormous budget to build LNG bunkering ports and facilities, it is important to calculate the criteria and quantity for each facility constituting the LNG bunkering infrastructure. So far, only engineering related to port construction has been emphasized, but there have not been many studies about scientific models to discover proper facility requirements.
It is impossible to precisely grasp and predict the variables and conditions that can anticipate all changes in the next 10 to 20 years. Despite acknowledging the limitations of this study, the approach and procedure for the analysis of the required amount of LNG bunkering infrastructure proposed in this study are of sufficient utility value for carrying out similar studies.
The required specifications and quantity for each port facility needed for LNG bunkering as a case study are presented in the paper. As a result of the study based on 2030, it is necessary to have three LNG storage tanks, six LNGTL chargers, 27 LNGTLs and 27 parking facilities, one berth for LNGC and 1 berth for STS bunkering jetty, one loading arm system, one LNGBVs, and three berths for LNGBV mooring facilities.
As mentioned in Appendix A Table A18 [9] , the cost of constructing the LNG bunkering port is about $9.1 billion (USD), about $0.1 million (USD) for each LNGTL, $1.0 million (USD) for the LNGTL loading arm, $5.0 million (USD) for the LNG jetty loading arm, and $50-70 million (USD) per LNGBV. The combined cost of constructing the LNG bunkering port and the equipment needed for the LNG bunkering service will require an enormous budget of $12-14 billion (USD). In particular, as the construction cost of the LNG storage tank on land is about $200-250 million (USD) per unit. 
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